Elongation rate and heat produced by Avena coleoptile segments suspended in sucrose buffer solutions were measured at pH values from 3.5 to 8.5. The caloric effciency of elongation (CEE) was defined as the ratio of the rate of elongation to the rate of heat production. Elongation and CEE were greatest at intermediate pH values, but heat production (about 1 cal/ghr) was insensitive to pH within the limits of experimental error (±20%). Qumtitative agreement was found between the results of previous respiration studies and the rate of heat production in an aerobic atmosphere, which indicates that oxidative metabolism accounts for essentialy all energy changes in the cell, so matter flow is a dgnificant component of the bioenergetics of cell function. Indole-3-acetic acid up to 1 mm, produced about a 10-fold increase in elongation rate, a 5-fold increase of the CEE, and a 25% increase in heat production. Above this concentration, sharp drops in both elongation and heat production occurred, without altering the CEE at pH 6.5, but greatly decreasing the CEE at pH 4.5. Elongation and CEE showed marked decreases after 4 hours in an anaerobic atmosphere, but heat production did not exhibit a proportional decrease. These studies indicate that rate of cell elongation in the presence and absence of anin is not directly proportional to the overall metabolism of the cell.
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In contrast to respirometry, calorimetric measurements reflect the total metabolic activity within the cell, not just activities which involve molecular 02 or CO2. This investigation was undertaken to determine if reproducible enthalpy changes could be measured under standard experimental conditions in an adiabatic solution calorimeter and to test the assumption usually made when using radioactive tracers to measure total cell metabolism, that oxidative metabolism is proportional to total metabolism. Indole-3-acetic acid stimulates the rate of cell enlargement in the Avena coleoptile segment system (3) , and this is dependent upon pH and respiration (5).
It would also be of interest to compare the rate of heat production with the rate of cell elongation under aerobic and anaerobic conditions, and at several hydrogen ion and auxin concentrations in order to determine if the heat changes parallel the changes in respiration rates previously observed. The mechanism of cell wall extension has been recently reviewed (10) .
As an analytical tool, one advantage of the calorimeter is that the signal to be recorded is delivered by the studied object itself. Calorimeters are designed to measure enthalpy changes accompanying various chemical processes. This is done by correlating temperature changes of the system during the course of the reaction with the heat capacity of the system. Calorimetry has had a number of biological applications (12, (15) (16) (17) (18) , and many ' The experiments were performed by H. E. B. in partial fulfillment of the requirements for the Master of Science degree.
of the experimental findings have been presented in book form (9) . In addition, the theory and design of microcalorimeters have recently been reviewed (20) .
MATERIALS AND METHODS
Seeds (Avena sativa var. Holden, lot 109 of 1970 crop) were surface-sterilized with dilute Clorox, rinsed, and planted in vermiculite (Terralite). Seedlings were grown at 25 + 0.5 C under dim red light in a water-saturated atmosphere. Uniform 20-mm coleoptiles were selected 72 hr after planting. Segments were taken 3 mm below the coleoptile tip, and the leaves were pulled and cut to 9.5 mm in length (14) .
Segments were measured in groups of seven on a Nikon Model 6 C microcomparator with an Elms system digital readout attachment having a sensitivity of +±0.005 mm. For calorimetric runs, segments were presoaked for 1 hr in the dark on filter paper moistened with buffer. Presoaked lengths were taken as initial lengths for calorimetric runs.
Heat production was measured by using an automatic adiabatic solution calorimeter with thermistors as previously described (2, 13) . Drained segments were weighed and transferred to the calorimeter vessel along with a weighed sample of test solution (about 28 ml). For anaerobic runs, the system was purged with N2 supplied through a gas dispersion tube. Oxygen removal by this technique was complete within the limits of detection as determined (a) by measuring the heat produced with an independent air-sensitive system and (b) by comparing elongation rates in the calorimeter cell with rates determined with an Evans and Ray rapid growth measuring device. Calorimetric runs were terminated approximately 5 hr after segments were cut.
Buffer solutions, made with distilled and deionized H20 contained 3% sucrose with or without added auxin. For buffers below pH 6, 2.5 mm potassium maleate was used; above pH 6 the buffers were 2.5 mm potassium phosphate. RESULTS Preliminary experiments indicated that the rate of heat production by 50 coleoptile segments could be detected with the available calorimeter, and measurements were made to determine reproducibility, the effects of pH, atmospheric conditions (presence or absence of 02), and auxin concentration on the rate of heat production. Simultaneous measurements were made on the rate of elongation so as to compare an established physiological response with the heat production, which reflects the sum of aerobic and anaerobic metabolism. For this reason the CEE2 was defined as the rate of elongation, Al (mm/hr. segment), divided by the rate of heat production, AH (cal/g -hr), or
negative CEE resulted, although about the same amount of heat was still produced.
Finally, the effects of adding auxin at pH 4.5 and 6.5 were investigated (Fig. 3) . The data represent triplicate determinations for all concentrations, except for pH 6 Since previous respiration studies demonstrated the importance of aerobic metabolism for growth of Avena coleoptile segments, it might be expected that the rate of heat production would decrease drastically in the absence of 02. Therefore, the effect of replacing the air space above the solution in the calorimetric vessel with nitrogen for various times was investigated (Fig. 2) . A pH of 4.5 was used for these experiments, and the data for 2 min, 15 The energy change given in equation 3 represents the enthalpy change given by Wilhoit (21) for the oxidation of glucose in dilute aqueous solution. Therefore, this equation may be used to determine the extent to which aerobic respiration can also account for the observed heat changes in the Avena coleoptile segment. The rate of 02 uptake by Avena coleoptiles was reported by Bonner (6) to be about 40 I,l/100 mg fresh weight/hr in the absence of auxin. Van Laere and Carlier (19) have determined the rate of 02 and glucose uptake and CO2 release by Avena coleoptile segments. Changes of about 3 umol/hr CO2 and 02 and 0.6 ,mol/hr glucose were observed for twenty 1-cm segments. The results of both of these studies at 30 C would correspond to a heat production of about 1.25 cal/g-hr according to equation 3 using the average weight of 0.6 g for 50 segments at 30 C, or 1 cal/g-hr at 25 C using the Q5 of 1.29 for Avena coleoptiles at 30/25 C reported by Bottelier (8) . All of the heat changes shown in Figure 1 except those obtained at pH 8.5 are of this order of magnitude, although the experimental errors are greater than would be desired. This apparent agreement allows the conclusion that the calorimetric results with the Avena coleoptile segment system support the importance of aerobic respiration as the mechanism for energy production in these cells. The surprising observation is that a N2 purge (to provide an anaerobic atmosphere) did not produce a significant reduction in the rate of heat production until after at least 4 hr, which suggests a rapid switch from aerobic to anaerobic metabolism and stimulated carbohydrate utilization. The degradation of 1 mol of glucose to 2 mol of ethanol or lactate is accompanied by an enthalpy change of about 25 kcal (21) , so that about 25 times as much free glucose or a metabolic equivalent (e.g. starch or fructose [19] ) must be degraded under anaerobic conditions to yield the same rate of heat production as observed under aerobic conditions.
The rate of elongation and the CEE were observed to be more sensitive than AH to pH changes on a percentage basis, and this may indicate that the aerobic heat producing regions of the cell, mitochondria, are protected from changes in the cell's environment. The inhibitory action of high auxin concentrations on the CEE and the rate of elongation were also more sensitive to pH changes than was the rate of heat production.
Previous respirometry studies suggest that a 30% increase in the rate of 02 uptake might be expected to accompany the addition of auxin (6) . This would correspond to an increase in the rate of heat production by 10 ,zM auxin of 0.4 cal/g-hr. An added heat change of this order of magnitude is observed (Fig.  3) . Therefore, the conclusion that auxin stimulates primarily aerobic metabolism as indicated by the absence of an effect on the respiratory quotient (5) is supported. The decrease in elongation for an auxin concentration of 10 mM at pH 4.5 is consistent with the inhibitory effects of high concentrations of auxin reported previously (3, 11) . The inhibitory action of high auxin concentration on heat production is also consistent with previous work which shows that high auxin concentrations also inhibit respiration (3). At pH 6.5 the rate of elongation is greater and the rate of heat production is less with 10 (19) .
The failure of the coleoptile segment to extract and store a significant portion of the energy released by the aerobic utilization of carbohydrates on the time scale of our studies indicates that matter flow may be as relevant as energy flow (1) when viewing the overall physiological performance of the cell. One can think of the cell as an efficient system of multienzyme complexes whose bioenergetic function is simply to catalyze the conversion of foodstuffs to waste products.
